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In the brain, neurons that fail to assemble into func-
tional circuits are eliminated. Their clearance de-
pends on microglia, immune cells that colonize the
CNS during embryogenesis. Despite the importance
of these cells in development and disease, themech-
anisms that target and position microglia within the
brain are unclear. Here we show that, in zebrafish,
attraction of microglia into the brain exploits differ-
ences in developmental neuronal apoptosis and
that these provide a mechanism for microglial distri-
bution. Reducing neuronal cell death results in fewer
microglia, whereas increased apoptosis enhances
brain colonization, resulting in moremicroglia at later
stages. Interestingly, attraction into the brain de-
pends on nucleotide signaling, the same signaling
system used to guide microglia toward brain injuries.
Finally, this work uncovers a cell-non-autonomous
role for developmental apoptosis. Classically consid-
ered a wasteful process, programmed cell death is
exploited here to configure the immune-neuronal
interface of the brain.INTRODUCTION
Programmed cell death is the driving force behind the develop-
ment ofmany organs including the brain. According to the neuro-
tropic theory, competition for limited amount of survival factors
leads to the death of many neurons (for reviews see Dekkers
et al. [2013] and Nijhawan et al. [2000]). Clearance of apoptotic
corpses in the developing brain relies on phagocytic microglia,
the resident macrophages of the vertebrate CNS. Lineage-
tracing studies in mouse have revealed that these cells derive
from erythromyeloid precursors (EMPs) that invade the CNS dur-
ing early development and are maintained in the adult by local
proliferation (Ginhoux et al., 2010; Kierdorf et al., 2013; Gomez
Perdiguero et al., 2015). The hematopoietic embryonic origin of
microglial cells is conserved across vertebrate species (Ginhoux
et al., 2013). For instance, in zebrafish, embryonic macrophages
are produced both at 20 and 30 hr postfertilization (hpf) in theThis is an open access article under the CC BY-Nanterior lateral plate mesoderm (ALPM) and in the intermediate
cell mass (ICM), respectively (Stachura and Traver, 2011; Xu
et al., 2012). Brain colonization starts at 48 hpf, when few
ALPM-derived macrophages enter the brain parenchyma (Her-
bomel et al., 2001; Rossi et al., 2015). In addition, recent work
has shown that, at 14 days postfertilization (dpf), there is a sec-
ond wave of ventral dorsal aorta (VDA)-derived macrophages
contributing to the establishment of the microglial adult pool
(Xu et al., 2015).
Although the myeloid origin of these cells is widely accepted,
the dynamics of microglial brain colonization remain elusive; for
instance, it is unclear whether targeting to the brain is random or
if hardwired pre-patterned signals guide microglial cells. The
recent identification of slc7a7+microglial precursors in zebrafish
(Rossi et al., 2015) and the requirement for CXCL12 and CX3CL1
in positioning mouse microglia (Arno` et al., 2014; Hoshiko et al.,
2012) point toward the existence of activemechanisms to ensure
microglial brain colonization. Given that the number and distribu-
tion of microglia in the adult also have been shown to influence
learning and behavior (Chen et al., 2010; Parkhurst et al.,
2013), uncovering the mechanisms that target and position
microglia during development is of significant biological and
medical interest.
Here, we take advantage of live imaging in zebrafish to
investigate the dynamics of microglial colonization during
embryogenesis. In particular, we demonstrate that attraction
and positioning of these cells exploit a physiological feature
of brain development, namely, naturally occurring neuronal
apoptosis, uncovering a direct link between cell death and hom-
ing of tissue-resident macrophages.RESULTS
Spatial and Temporal Correlations between Neuronal
Apoptosis and Microglial Brain Colonization during
Embryonic Development
To investigate the dynamics of microglial brain colonization, we
first took an in vivo imaging approach. By tracking macrophages
at high spatial and temporal resolutions between 2 and 3 dpf, we
found that both macrophage invasion and local proliferation
contribute to the establishment of the microglial population (Fig-
ures 1A–1C; Movie S1). We then quantified these two processes
by performing a series of pulse-chase experiments using aCell Reports 16, 897–906, July 26, 2016 ª 2016 The Authors. 897
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Figure 1. Dynamics of Microglial Brain Colonization and Neuronal Apoptosis
(A–C) Macrophage cell segmentation (A [t = 0 hr] and B [t = 10.75 hr]) and cell tracking (C) of a representative wild-type mpeg1::GAL4-UAS::Kaede embryo,
imaged for 10.75 hr (Movie S1). In orange are the proliferating and in green are the invading macrophages/tracks. Yellow marks cells resulting from division.
Examples of single tracks are given in (i), (ii), and (iii).
(D and E) Dorsal view of ampeg1::GAL4-UAS::Kaede embryo after microglia photo-conversion (D) and 24 hr later (E). Microglia that entered the brain after photo-
conversion are green. Microglia derived from proliferating converted cells are in red/yellow. Dotted lines mark the tectal area.
(F) Quantifications of microglial photo-conversion at different developmental time points. In each graph, the histogram on the left represents the number of
microglia photo-converted at a given time point (in red). The histogram on the right indicates the number of microglia entering the brain after conversion (green
bar) or deriving from proliferation (yellow bar) 24 hr after photo-conversion.
(G) Experimental setup. Microglia are photo-converted at different time points. Then, 24 hr after each round of photo-conversion, green and red/yellow cells are
quantified.
(legend continued on next page)
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transgenic line where macrophages express the photo-convert-
ible protein Kaede, which allows macrophages in the brain to be
photo-converted from green to red (Figures 1D and 1G; Ellett
et al., 2011; Svahn et al., 2013). Counting the number of red/
yellow cells 24 hr later allows quantification of the rate of in
loco proliferation (Figures 1E and 1F, yellow bars). We next
determined the rate of brain invasion by quantifying green cells
that arrived into the brain after photo-conversion (Figures 1E
and 1F, green bars). Monitoring these populations independently
during the first 6 days of development revealed that both inva-
sion and in loco proliferation equally contribute to microglial
brain colonization and peak between 2 and 3 dpf (Figure 1F),
indicating that key regulatory events take place at this stage.
Interestingly, when we compared microglial cell numbers in
two neighboring brain regions, the optic tectum and the hind-
brain (Figure 1H), we found that these are characterized by
different colonization rates. Indeed, the optic tectum shows
more microglia than the hindbrain (Figures 1I, S1A, S1B, S1D,
S1E, S1G, and S1H), a differential that also is observed in adults
(Svahn et al., 2013). Given that one of the functions of microglia
at this stage is the engulfment of apoptotic neurons (Casano and
Peri, 2015; Mazaheri et al., 2014; Sierra et al., 2013), we next
asked whether microglial distribution correlates with differences
in physiological patterns of developmental neuronal cell death.
Thus, we quantified the absolute numbers of apoptotic neurons
between 2 and 4 dpf in brains that lack phagocytic microglia
(Rhodes et al., 2005), and we found a positive spatiotemporal
correlation between patterns of neuronal apoptosis and micro-
glial distribution (compare Figures 1J, 1I, S1C, S1F, and S1I),
suggesting a possible mechanistic link between these two
processes.
Altering the Rate of Neuronal Apoptosis Changes the
Number of Microglia in the Brain
To test a causal role for developmental neuronal cell death in
determining the size of the microglial population, we developed
methods to quantify microglia after altering levels of apoptosis in
the brain. First, we decreased neuronal cell death prior to micro-
glial colonization by combining caspase-3 knockdown with the
caspase inhibitor Z-VAD-fmk (Yamashita et al., 2008; Williams
and Holder, 2000). This resulted in a 50% reduction in the num-
ber of apoptotic neurons, as shown by acridine orange (AO)
staining (Figures 2A, 2B, and 2D), and a concomitant decrease
in the number of microglia (Figures 2E, 2F, and 2H), without
affecting the number of macrophages elsewhere (Figures S1J–
S1L). Similar results also were obtained by reducing cell death
in the brain via neuronal overexpression of the inhibitor of
apoptosis xiap (Deveraux et al., 1997; Figures 2C, 2D, 2G, 2H,
S1M, and S1N).
Next, we developed protocols for increasing brain apoptosis
by applying low-power UV laser irradiation in 3-day-old em-
bryos. Here only one brain hemisphere was irradiated, leaving
the non-irradiated hemisphere as an internal control. AO staining(H) Schematic illustrations of a 3-dpf embryo (side and dorsal views). The red lin
(I and J) Quantifications of the number of microglia (I) and apoptotic nuclei (J) in
OT, optic tectum; HB, hindbrain; AO, acridine orange; n, number of embryos. For
bar represents 30 mm. See also Figure S1 and Movie S1.confirmed that the number of apoptotic nuclei in the brain
increased significantly after UV laser irradiation when compared
to the control hemisphere (Figures S2A–S2C and S2G). Similarly,
the number of microglia was higher in irradiated hemispheres
than in control sides (Figure S2H). We performed the same sin-
gle-hemisphere UV treatment on p53-morphant embryos where
UV-mediated apoptosis is impaired (Rentzsch et al., 2003). As
both treated and un-treated hemispheres had comparable
numbers of both dead neurons and microglia (Figures S2D–
S2H), we concluded that changes in microglial cell numbers
depend onUV-induced neuronal apoptosis. Altogether these ex-
periments suggest that neuronal apoptosis provides a mecha-
nism for controlling the number of microglia in the brain.
Ectopic Neuronal Apoptosis Influences Microglial
Colonization and Distribution within the Brain
Next we wanted to determine whether neuronal cell death de-
fines a pattern for microglia positioning. To this aim, we gener-
ated an ectopic domain of apoptosis within the hindbrain, a brain
region that is normally characterized by low numbers of dying
neurons. This was achieved using a zebrafish line in which the
bacterial nitroreductase (NTR) fused to mCherry is expressed
in the hindbrain (nbt::DlexPR-lexOP::NTR-mCherry; referred to
asHB-NTR-mCherry). As previously reported, this system allows
transient Caspase-3-dependent cell ablation of labeled cells
upon the addition of metronidazole (MTZ; Curado et al., 2007;
Pisharath et al., 2007; van Ham et al., 2014). Importantly, expres-
sion alone or administration of MTZ to non-transgenic embryos
did not induce apoptosis or change microglial distribution within
the brain (Figures S3A–S3C and S3E). By contrast, a single pulse
of MTZ (Figure 2P) was sufficient to boost neuronal death in the
hindbrain of HB-NTR-mCherry embryos (compare Figures S3C
and S3D). This resulted in a significant increase in the number
of hindbrain microglia 24 hr after treatment (Figures 2I, 2J,
S3E, and S3F).
Interestingly, 1 week after, while the apoptotic stimulus had
ceased (Figures S3G and S3H) and most NTR-mCherry+ neu-
rons had been removed (Figure 2M), the number of microglia in
the hindbrain was still high (Figures 2K–2M). To determine
whether this was due to the fact that the additional microglia
maintain their position in the hindbrain, we combined MTZ treat-
ments with hindbrain microglia photo-conversion 24 hr after the
induction of apoptosis (Figure 2P). Imaging 1 week after photo-
conversion showed that both MTZ-treated and control embryos
had few newly arrived microglia; however, in MTZ-treated sam-
ples, most microglia were red/yellow, indicating that in response
to the apoptotic stimulus these cells remained in the hindbrain
(Figures 2N, 2O, S3I, and S3J).
To further characterize this increase in microglial cell number,
we allowed MTZ-treated HB-NTR-mCherry embryos to develop
until juvenile stages, and we quantified microglia in the medulla,
a hindbrain-derived region, using an antibody against L-plastin
(Kizil et al., 2012; Kroehne et al., 2011). Interestingly, we founde marks the depth at which confocal imaging was performed.
wild-type and pU.1-morphant brains, respectively, are shown.
all quantifications, data are pooled from three independent experiments. Scale
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that microglial numbers were increased in transgenic fish treated
with a single pulse of MTZ compared to controls (Figures 2Q and
S3O, graphs in orange). Notably, in brain areas not affected by
the MTZ treatment, such as the optic tectum, microglial distribu-
tion was unaltered (Figures 2Q and S3O, graphs in green). Alto-
gether, these results establish a clear link between neuronal
death in the embryo and microglial distribution at later stages,
indicating that both levels and patterns of developmental brain
apoptosis have a strong and prolonged influence on microglial
distribution within the brain.
Developmental Neuronal Cell Death Recruits Microglial
Precursors into the Brain via Nucleotide Signaling
Developmental neuronal apoptosis could regulate the number of
microglia in the brain either by controlling how many macro-
phages enter and/or by promoting their proliferation in loco. To
distinguish between these mechanisms, we combined NTR
treatment of HB-NTR-mCherry embryos with photo-conversion
of hindbrain Kaede+ macrophages (Figures 3C and 3D). Imaging
24 hr after photo-conversion revealed that, upon inducing
apoptosis, a large number of green unconverted cells accumu-
late in the hindbrain, whereas the number of microglia remained
unchanged in control samples (Figures 3E–3G). This indicates
that increased neuronal apoptosis enhancesmicroglial hindbrain
invasion. To further test this point, we combined ectopic
apoptosis in the hindbrain with the photo-conversion of macro-
phages located in a defined ventral region outside the brain
(Figure 3H). As a result, red/yellow photo-converted cells accu-
mulated in the hindbrain (Figures 3I–3K). Importantly, these
additional cells were positive for slc7a7, a marker for microglial
precursors in zebrafish (Rossi et al., 2015; Figures 3A and 3B).
Thus, we can conclude that neuronal apoptosis provides a stim-
ulus for the recruitment of macrophages that are committed to
the microglial lineage.
To further probe apoptosis-driven attraction of microglial pre-
cursors to the brain, we investigated the role of nucleotide
signaling, which has been shown to attract phagocytes toward
apoptotic cells (Elliott et al., 2009; Chekeni et al., 2010; Sandilos
et al., 2012). The nucleotide-signaling pathway was blocked viaFigure 2. Neuronal Cell Death Affects Size and Distribution of the Micr
(A–D) AO staining (A–C) and quantifications (D) of apoptotic nuclei in 4-dpf pU.1-m
(B), and neuronal xiap overexpression (C) are shown.
(E–H) Distribution (E–G) and quantification (H) of microglia in the optic tectum
treated with DMSO (E), caspase-3-morpholino + z-VAD-fmk (F), and neuronal xia
(I, J, L, andM) Hindbrain dorsal views of anmpeg1::GAL4-UAS::Kaede;HB-NTR-m
or MTZ are shown.
(K) Quantification of hindbrain microglia inmpeg1::GAL4-UAS::Kaede;HB-NTR-m
MTZ. Numbers indicate how many embryos have been analyzed.
(N and O) Manual segmentation of photo-converted microglia (yellow cells) and
mpeg1::GAL4-UAS::Kaede;HB-NTR-mCherry larva 1 week after pulse of DMSO
and S3J). NTR-mCherry+ neurons are omitted. Macrophages located superficial
(P) Experimental setup. At 3 dpf, NTR-mCherry+ embryos are treated with DMSO o
converted. Microglia in the hindbrain are quantified at different developmental tim
(Q) Accumulation of microglia in the optic tectum and medulla oblongata ofmpeg
MTZ treatment. Microglial densities are calculated as the number of microglia/m
nuclei.
AO, acridine orange; OT, optic tectum; n, number of embryos or fish; NS, non-sig
For all quantifications, data are pooled from three independent experiments. Scatwo complementary strategies: impairing nucleotide release via
morpholino knockdown of pannexin-1a (Li et al., 2012) and using
the drug inhibitor carbenoxolone (CBX). In addition, we blocked
detection of nucleotides onmacrophages by applying suramin, a
broad purinergic receptor inhibitor (von K€ugelgen, 2008). Neither
treatment affected levels of neuronal death (Figures 4A–4E) nor
did they impair the distribution and basal motility of macro-
phages outside the brain (Figures S3K–S3N, S3R, and S3U);
however, they significantly reduced the number of microglia (Fig-
ures 4F–4J, S3P, S3Q, S3S, and S3T). Interestingly, this pheno-
type was observed only when embryos were treated before or
during brain colonization (Figures S4A–S4D and S4L), and
normal microglial numbers were rapidly reestablished by
washing out these inhibitors during this time (Figures S4E–
S4H). This indicates that microglial decrease is not due to non-
specific toxicity or a general defect in cell movement but is
consistent with nucleotide signaling being responsible for the
attraction of macrophages into the brain. In addition, these treat-
ments suppressed the microglial increase observed in HB-NTR-
mCherry embryos following the induction of ectopic hindbrain
apoptosis (Figures 4K–4N).
Combining administration of suramin or CBX with in vivo live
imaging and photo-conversion of Kaede+ microglia revealed
that nucleotide signaling influences microglial amounts by spe-
cifically regulating the number of macrophages that enter into
the brain, leaving the rate of in loco proliferation unaltered (Fig-
ures 4O–4S). This was confirmed by monitoring microglial pre-
cursors in the slc7a7::Kaede line (Rossi et al., 2015). Indeed,
upon blocking nucleotide signaling, there were fewer slc7a7+
precursor cells in the optic tectum, while many were found ante-
riorly in a position that was previously identified as the migratory
path to the brain (Rossi et al., 2015; Figure 4T, graph on the left;
Figures S4M–S4O). Interestingly, 24 hr after drug washout,
normal microglial distribution was restored (Figure 4T, graph
on the right; Figures S4P–S4R). To prove that this was due to
the migration of macrophages from the anterior into the brain,
we photo-converted cells that were trapped anteriorly, washed
out the nucleotide signaling inhibitors, and imaged the optic
tectum 1 day later. The presence of red/yellow microgliaoglial Population
orphant embryos treated with DMSO (A), caspase-3-morpholino + z-VAD-fmk
of 4-dpf pU.1::GAL4-UAS::TagRFP and mpeg1::GAL4-UAS::Kaede embryos
p overexpression (G) are shown.
Cherry embryo 24 hr (I and J) and 1 week (L andM) after treatment with DMSO
Cherry embryos, at different time points after pulsed treatment with DMSO or
new invading macrophages (green cells) in the hindbrain of a representative
or MTZ and hindbrain microglia photo-conversion (original data in Figures S3I
ly in the skin, outside the brain, are encircled with a white dotted line.
r MTZ. Then 24 hr later the drug is removed and hindbrain microglia are photo-
e points.
1::GAL4-UAS::Kaede;HB-NTR-mCherry juvenile fish,1 month after DMSO or
icron3 or as the ratio between the number of microglia and the total number of
nificant; **p < 0.01 and ***p < 0.001. Dotted lines delimit the regions of interest.
le bar represents 30 mm. See also Figures S1, S2, and S3.
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Figure 3. Neuronal Apoptosis Promotes Microglial Brain Colonization by Attracting Macrophages into the Brain
(A andB)Wholemount in situ hybridization (WISH) images show slc7a7 expression (white arrowheads) inHB-NTR-mCherry transgenic embryos 24 hr after DMSO
(A) or MTZ (B) treatment.
(C) Experimental setup. At 3 dpf, Kaede+ cells are photo-converted in the hindbrain or ventral region of NTR-mCherry+ embryos and soon after samples are
treated with DMSO or MTZ. Then 24 hr later green and red/yellow cells are quantified in the hindbrain.
(D and E) Hindbrain dorsal views of a 3-dpfmpeg1::GAL4-UAS::Kaede;HB-NTR-mCherry embryo, after microglia photo-conversion and prior to drug treatment
(D) and 24 hr after photo-conversion and MTZ treatment (E). New invading microglia are in green and microglia derived from converted cells are in red/yellow.
(F and J) Segmented images of (E) and (I), respectively. NTR-mCherry+ neurons are omitted.
(G) Quantification of hindbrain microglia after induction of apoptosis. Histogram on the left refers to the number of photo-converted microglia populating the
hindbrain prior to MTZ incubation; histograms on the right represent the number of newly arrivedmicroglia (green bars) and those resulting from local proliferation
(yellow bars) 24 hr after photo-conversion and DMSO or MTZ treatment. Data are from three independent experiments.
(H) Lateral view shows a 3-dpfmpeg1::GAL4-UAS::Kaede;HB-NTR-mCherry embryo, after photo-conversion of Kaede+ macrophages in the ventral region (red
cells, solid line) and before MTZ treatment.
(I) Hindbrain dorsal view of an mpeg1::GAL4-UAS::Kaede;HB-NTR-mCherry embryo, 24 hr after ventral photo-conversion and MTZ treatment. Invading cells
deriving from the ventral region are in red/yellow.
(K) Number of hindbrain microglia in mpeg1::GAL4-UAS::Kaede;HB-NTR-mCherry embryos, 24 hr after ventral photo-conversion and drug treatment. Data are
from three independent experiments.
HB, hindbrain; n, number of embryos; NS, non-significant; ***p < 0.001. NTR-mCherry+ neurons are in gray. Dotted line marks the hindbrain area or the embryo
outline. Scale bar represents 30 mm.indicated that, upon restoring nucleotide signaling, macro-
phages were able to migrate into the brain (Figures S4I–S4K).
Together these results provide compelling experimental sup-
port for a model where nucleotide signaling downstream of
developmental neuronal apoptosis establishes the microglial
population during embryonic brain formation by attracting
committed precursors into the brain.902 Cell Reports 16, 897–906, July 26, 2016DISCUSSION
Many studies have focused on the origin of microglia and on their
responses to pathological conditions (for a review see Prinz and
Priller, 2014). However, little is known about the mechanisms
responsible for establishing the microglial population in the em-
bryo. Here we show that microglia exploit a physiological feature
(legend on next page)
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of normal brain development, namely, naturally occurring
neuronal apoptosis. Accumulation of dying neurons in the devel-
oping brain contributes to the establishment of the microglial
population by promoting both cell invasion and local prolifera-
tion. As microglia are the professional phagocytes of the brain
and one of their main functions is the removal of apoptotic neu-
rons, the existence of a link between the rate of neuronal cell
death and the distribution of microglia provides a clear example
of a function-based mechanism for microglial brain colonization.
This is similar to other dynamic processes in which cells are
organized in response to cues that depend on their function. Ex-
amples of this are vertebrate angiogenesis, where blood vessels
are remodeled in response to blood flow (Yashiro et al., 2007),
and terminal branching of the Drosophila trachea, where FGF
expression is regulated by hypoxia to ensure that branches
sprout toward oxygen-deprived areas (Ghabrial et al., 2003).
Importantly, our work provides experimental evidence of a
role for developmental brain apoptosis in the long-term posi-
tioning of microglia. Obviously, this faction-based layer of con-
trol does not exclude the existence of other mechanisms that
contribute to attracting and positioning microglia within the
brain. For instance, in the mouse, the chemokines CXCL12
and CX3CL1 have been shown to be involved in the recruitment
of microglia to specific brain areas, such as the sub-ventricular
zone and the barrel centers, respectively (Arno` et al., 2014;
Hoshiko et al., 2012).
The role of nucleotides in attracting microglial precursors into
the brain identifies an interesting mechanistic link between
development and pathology, as nucleotides also have been
found to guide adult and embryonic microglia toward sites of
damage (Davalos et al., 2005; Sieger et al., 2012; Haynes
et al., 2006). Interestingly, it has been shown that nucleotides
function as ‘‘find me’’ signals for the clearance of apoptotic cells
(Elliott et al., 2009). In this regard, our work broadens this defini-
tion as we show that nucleotide-mediated chemotaxis is ex-
ploited to target tissue phagocytes to the developing brain.
Not addressed here is the nature of the nucleotides that attract
microglia and the underlying cellular mechanisms responsible
for this attraction. Considering the presence of hydrolyzing ecto-
nuleotidases in the extracellular space, formation of a stable
long-range UTP/ATP gradient is unlikely. Instead, we favor a sce-
nario where end products, such as adenosine, might work to re-Figure 4. Nucleotide Release Downstream of Neuronal Cell Death Rec
(A–E) AO staining (A–D) and quantification (E) of apoptotic nuclei in 4-dpf pU.1-mo
pannexin1a-MO (D), are shown.
(F–J) Microglial distribution (F–I) and quantification (J) in pU.1::GAL4-UAS::TagR
pannexin1a-MO (I), are shown.
(K–N) Representative hindbrain (K–M) and quantification (N) of an mpeg1::GAL4
MTZ + suramin (K), MTZ + CBX (L), and MTZ + pannexin1a-MO (M). Dotted lines
(O–Q) Dorsal views of mpeg1::GAL4-UAS::Kaede embryos 24 hr after photo-con
Newly entered microglia are in green. Microglia derived from converted cells are
(R) Quantification of microglia deriving from cell invasion and in loco proliferation
(S) Quantification of mitotic events in the optic tectum of 2.5-dpf mpeg1::GAL4-
shown.
(T) Number of slc7a7+microglial precursors accumulating in the anterior head regi
(graph on the left) and drug washout (graph on the right). Blue-colored areas in t
For all quantifications, data are pooled from three independent experiments. Dott
significant; *p < 0.05, **p < 0.01, and ***p < 0.001. Scale bar represents 30 mm. S
904 Cell Reports 16, 897–906, July 26, 2016cruit microglial precursors. Importantly, although we show that
neuronal cell death promotes microglial proliferation, we did
not observe a role for nucleotides in this context, as was sug-
gested by in vitro experiments (Gebicke-Haerter et al., 1996;
Bianco et al., 2006; Monif et al., 2009). This indicates that other
signals might be involved in stimulating microglial cell division
downstream of neuronal apoptosis.
Finally, this study identifies a new cell-non-autonomous role
for developmental apoptosis. Traditionally known to control
cell numbers, here programmed cell death regulates immune
cell homing and the establishment of the immune-neuronal
interface.
EXPERIMENTAL PROCEDURES
Fish Maintenance and Transgenic Lines
Zebrafish were kept at 26C–27C in a 14-hr light and 10-hr dark cycle. Em-
bryos were collected by natural spawning and raised at 28.5C in E3 buffer.
To avoid pigmentation, 0.003% 1-phenyl-2-thiourea (PTU) was added at
1 dpf. Staging of embryos was done according to Kimmel et al. (1995).
The transgenic lines pU.1::Gal4-UAS::TagRFP, mpeg1::Gal4-UAS::Kaede,
nbt::DlexPR::NTR-mCherry, and slc7a7::Kaede were described previously
(Sieger et al., 2012; Ellett et al., 2011; Mazaheri et al., 2014; Rossi et al.,
2015). Animals were housed in the European Molecular Biology Laboratory
(EMBL) animal facilities under veterinarian supervision and the guidelines of
the European Commission, revised directive 2010/63/EU, and AVMA guide-
lines 2007.
Morpholino Knockdown
All morpholinos were obtained from Gene Tools and injected at the following
concentrations: pU.1-MO, 0.5 mM (50-GATATACTGATACTCCATTGGTG
GT-30; Rhodes et al., 2005); caspase-3-MO, 0.1 mM (50-TTGCGTCCACACA
GTCTCCGTTCAT-30; Yamashita et al., 2008); p53-MO, 0.1 mM (50-AGAATT
GATTTTGCCGACCTCCTCT-30; Rentzsch et al., 2003); and panx1a-MO,
1 mM (50-CATATGTTGTATGCGCTTGCCTTAT-30; Li et al., 2012).
Overexpression of xiap in Neurons
The coding sequence of zebrafish xiap was obtained from Source BioScience
(LifeSciences) and amplified by PCR. This was cloned under the neuronal NBT
promoter (Peri and N€usslein-Volhard, 2008) and co-injected with or without the
pU.1-MO (Rhodes et al., 2005).
Drug Treatments
All chemicals were purchased from Sigma-Aldrich and dissolved in E3 with
DMSO at the following concentration: z-VAD-fmk, 300 mM; MTZ, 10 mM;
CBX, 25 mM; and suramin, 5 mM.ruits Microglial Precursors into the Brain
rphant embryos, 24 hr after treatment with DMSO (A), suramin (B), CBX (C), and
FP embryos, 24 hr after treatment with DMSO (F), suramin (G), CBX (H), and
-UAS::Kaede;HB::NTR-mCherry embryo at 4 dpf, 24 hr after treatment with
mark the hindbrain.
version of microglia and treatment with DMSO (O), suramin (P), and CBX (Q).
in red/yellow.
24 hr after photo-conversion and drug treatment is shown.
UAS::Kaede embryos during 15 hr of DMSO, suramin, or CBX treatment is
on and in the optic tectum of slc7a7::Kaede embryos, 24 hr after drug treatment
he schematic indicate the regions of interest.
ed line delimits the areas of interest. n, number of analyzed embryos; NS, non-
ee also Figures S3 and S4.
Induction of Brain Apoptosis
To induce apoptosis in the optic tectum, 3dpf pU.1::Gal4-UAS::TagRFP em-
bryos were irradiated with a pulsed 355-nm laser coupled to the Andor Spin-
ning Disk using a 203/numerical aperture (NA) 0.7 objective. To ectopically
induce neuronal cell death in the hindbrain, 3-day-old nbt::DlexPR::NTR-
mCherry embryos were incubated with MTZ. After 24 hr embryos were rinsed
extensively and kept in E3 buffer for further analysis.
Imaging and Kaede Photo-conversion
For live imaging, zebrafish embryos were anesthetized in 0.01% tricaine
and embedded in 1.3% low-melting-point agarose. Imaging was performed
using the Olympus FV1200 and Zeiss LSM780 with a 203/NA 0.4 or a PlanApo
103/0.25 objective. For full-brain and body imaging, we captured 30–40 z
stacks, with a z step of 1.5–2 mm. Imaging of the slc7a7::Kaede line was per-
formedwith the Zeiss light sheet fluorescent microscope (Lightsheet Z.1) using
a 203 water immersion objective. Images were analyzed in Imaris 7.6.4
(Bitplane). For photo-conversion of Kaede+ macrophages, mpeg1::Gal4-
UAS::Kaede transgenic embryos were photo-converted using an Olympus
FV1200 microscope equipped with a 405-nm laser. The following filter sets
were used: unconverted Kaede (excitation at 488 nm and emission at 500–
550 nm) and photo-converted Kaede (excitation at 559 nm and emission at
570–600 nm).
For serial photo-conversion of microglia, Kaede+ cells found in the optic
tectum were photo-converted at 2.5, 3.5, 4.5, or 5.5 dpf, and the numbers of
green and red/yellow cells were quantified 24 hr after each round of photo-
conversion.
Photo-converted mpeg1::Gal4-UAS::Kaede;nbt::DlexPR::NTR-mCherry
embryos were imaged with Olympus FV1200 using the virtual channel tool
with the following filter sets: unconverted Kaede (excitation at 488 nm and
emission at 500–550 nm), photo-converted Kaede (excitation at 559 nm and
emission at 570–600 nm), and mCherry (excitation at 559 nm and emission
at 630–730 nm).
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